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Summary 
The notochord and floor plate contribute to patterning 
the ventral neural tube in part by expressing a diffus- 
ible factor that induces motoneurons. To determine 
the mechanisms that direct the development of other 
classes of ventral neurons, we studied the develop- 
ment of dopaminergic neurons that reside near moto- 
neurons in the ventral midbrain. We provide evidence 
that dopaminergic neurons develop in the vicinity of 
the floor plate and that they can be specified by the 
floor plate in vitro and in vivo. Unlike motoneurons, 
efficient induction of dopaminergic neurons requires 
contact with floor plate cells. These results suggest 
that neuronal diversification along the dorsal-ventral 
axis may be achieved partly through the concerted ac- 
tion of diffusible and contact-dependent signals from 
a single organizing center, the floor plate. 
Introduction 
Within the vertebrate nervous system, individual classes 
of neurons are found at stereotyped positions, defined by 
their coordinates along the anterior-posterior (AP) and 
dorsal-ventral (DV) axes. The initial patterning of the neu- 
ral tube along the AP axis is thought to be established at 
the time of gastrulation by signals from the node (a discrete 
group of cells at the anterior end of the primitive streak) 
(reviewed by Doniach, 1993; Ruiz i Altaba, 1993), whereas 
the identity and position of neurons along the DV axis 
appear to be defined only later, in part by signals from the 
floor plate (a specialized group of neuroepithelial cells at 
the ventral midline of the neural tube) and the notochord 
(a group of axial mesodermal cells located underneath the 
neural tube) (reviewed by Jessell and Dodd, 1992; Smith, 
1994). 
There is evidence that the floor plate and notochord 
influence the development of multiple neuronal classes 
at particular AP positions in the neural tube. For example, 
the ventral hindbrain contains motoneurons, serotonergic 
neurons, and BMP-6/DVR-6-expressing cells, and there 
is evidence that all of these cell types can be induced at 
dorsal locations in the hindbrain by an ectopic notochord 
or floor plate (Yamada et al., 1991; Sasaki and Hogan, 
1994). Whereas motoneurons have been shown to be in- 
duced by a diffusible factor (Yamada et al., 1993), the 
mechanisms by which the floor plate and notochord influ- 
ence the development of other types of neurons have not 
been defined. Furthermore, it has not been determined 
whether the floor plate and notochord pattern the neural 
tube at axial levels other than the spinal cord and hind- 
brain. 
To address these issues, we have studied the genesis 
of midbrain dopaminergic (DA) neurons, a group of cells 
whose loss results in the motor disorders of Parkinson's 
disease (Hirsch et al., 1988) and whose abnormal function 
has been associated with schizophrenia and drug addic- 
tion (Greenberg et al., 1974; Ritz et al., 1987; Seernan et 
al., 1993). These neurons innervate the striatum, limbic 
system, and neocortex and reside in the ventral midbrain 
together with several other classes of neurons including 
motoneurons. Despite the clinical importance of DA neu- 
rons, the mechanisms that direct their development are 
unknown. 
Although DA neurons reside at a distance from the ven- 
tral midline in the adult, we report here that they develop 
in the vicinity of the floor plate. We also provide evidence 
that these neurons are specified by floor plate cells. Unlike 
motoneurons, efficient induction of DA neurons is medi- 
ated by a contact-dependent mechanism. These results 
indicate that contact-mediated specification of neurons, 
previously described in the Drosophila eye (see Zipursky 
and Rubin, 1994), also occurs in the central nervous sys- 
tem of vertebrates. Moreover, our results and those of 
Yamada et al. (1993) suggest that the floor plate can spec- 
ify distinct neuronal classes through the action of mecha- 
nistically distinct signals, thus providing a framework for 
understanding how neuronal diversity may be controlled 
at a given axial level by a single organizing center. 
Results 
Midbrain DA Neurons Develop in the Immediate 
Vicinity of the Floor Plate 
Ontogenetic studios in the rat indicate that midbrain DA 
neurons are born between embryonic days - 12-15 (E12- 
E15), near the midbrain-hindbrain junction (rhornbic isth- 
mus) (e,g,, Lauder and Bloom, 1974; Altman and Bayer, 
1981; Specht et al,, 1981; Marchand and Poirier, 1983; 
Voorn et al., 1988). These neurons begin to express tyro- 
sine hydroxylase (the rate-limiting enzyme in dopamine 
synthesis) by E12.5 (Pickel et al., 1975) and then migrate 
extensively from the rhombic isthmus in a rostral-ventral 
direction to their final positions in the ventral midbrain (the 
substantia nigra, ventral tegmental area, and retrorubral 
field) (e.g., Marchand and Poirier, 1983). 
Although previous studies showed that DA neurons are 
born in the ventral portion of the midbrain (e.g., Altman 
and Bayer, 1981), the relationship of these neurons to the 
floor plate has not been defined. To determine whether 
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Figure 1. DA Neurons Develop Near the Floor Plate in the Embryonic 
Rat Midbrain 
(A) Sagittal section through an E14 rat embryo. DA neurons (darkly 
stained cells to the right of the red arrow) in the midbrain were identified 
by in situ hybridization using a TH cRNA. The rhombic isthmus is 
marked by the red arrow. 
(B and C) Coronal (transverse) (B) and sagittal (C) sections through 
the ventral midbrain of E14 rat embryos, showing floor plate cells (FP) 
labeled with an antibody to FP4 (red) and DA neurons (DA) labeled 
with an antibody to TH (green). The region of overlap appears yellow. 
In (C), rostral is to the left. Scale bar: (A), 3 mm; (B) and (C), 50 ~,m. 
developing DA neurons have access to signals from the 
floor plate, we stained sections of embryonic rat midbrain 
with antibodies to a floor plate marker, FP4 (Placzek et 
al., 1993), and to three markers of midbrain DA neurons: 
dopamine (the neurotransmitter used by these neurons), 
tyrosine hydroxylase (TH), and the retinoic acid-converting 
enzyme ADH-2 (McCaffery and Dr&ger, 1994). At E14, 
when DA neurons are beginning to differentiate, TH ÷ neu- 
rons were found in close proximity to floor plate cells, and 
many appeared to reside within the floor plate (Figure 1). 
Dopamine and ADH-2, which are first detected a few days 
after TH, showed similar expression patterns at later de- 
velopmental  stages (data not shown). To address whether 
DA neurons were developing at a distance from the floor 
plate and subsequently migrating there, we cultured nar- 
row ( -100  I~m wide) explants comprising the midline of 
the midbrain isolated from E11 embryos, before DA neu- 
rons are born. After 12 hr in culture, FP4 ÷ cells but not 
TH ÷ cells were detected (Figure 2A). After 3 days in culture, 
however, numerous TH + neurons were detected in these 
explants but not in midline explants obtained from spinal 
cord levels (Figures 2B and 2C). Thus, DA neurons appear 
to be born and to differentiate n ar the midbrain floor plate. 
Induction of Midbrain DA Neurons by the 
Floor Plate In Vitro 
We next exam ined whether an exogenous floor plate could 
induce DA neurons in vitro. The forebrain/midbrain region 
was dissected from E9 (head fold) embryos and cut in 
half along the ventral midline. The area encompassing the 
endogenous presumptive floor plate was removed, and 
the remaining part of each half of the neural plate was 
grown in a collagen gel (each half will be referred to as 
an E9 explant). E9 explants were grown in contact with 
E12 spinal cord floor plate xplants (used in preference to 
midbrain floor plate explants, which contain DA neurons), 
with other embryonic or adult tissues, or with various 
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Figure 2. The Floor Plate Induces DA Neurons in Midbrain Explant 
Cultures 
(A and B) Narrow (-100 ~,m wide) explants from the ventral midline 
region of the midbrain of El l  rat embryos, cultured in vitro f r 12 hr 
(A) or 4 days (B) and stained for TH (red) to label DA neurons and 
FP4 (green) to label floor plate cells (FP). 
(C) A similar explant established from the ventral midline ofthe spinal 
cord of an El l  rat embryo, grown for 5 days, and stained for FP4 
and TH. Non-floor plate neural tube tissue (NT) associated with the 
explants was present in all three explants in (A)-(C), but does not 
contain TH ÷ cells in (A) or (C). 
(D and E) E9 midbrain explants grown for 5 days in contact with control 
semitic tissue (D) or with E12 spinal cord floor plate (E) and stained 
for TH. 
(F) A similar explant grown for 7 days with floor plate and stained for 
dopamine. Control explants tained for dopamine were negative (data 
not shown). 
(G-I) Dorsal (G and H) and ventral (I) halves of E9 explants grown for 
5 days in contact with control tissue (G)or E12 spinal cord floor plate 
(H and I) and stained for TH. Scale bars: (A)-(C), 90 I~m; (D)-(I), 
60 ~m. 
growth factors. When cultured with E12 spinal cord floor 
plate for 5 days, many TH ÷ neurons (more than 100 neu- 
rons/explant) appeared near the exogenous floor plate (37 
of 44 explants) (Figure 2E). TH ÷ neurons were not present 
in 87% of control explants (38 of 44) grown for 5 days in 
contact with E12 dorsal spinal cord or somites, E15 heart, 
E15 liver, or adult liver (Figure 2D; data not shown). Fewer 
than six TH ÷ neurons were observed in any of the re- 
maining 13% of control explants, and where examined (2 
of 6 explants), they were accompanied by a small number 
of floor plate (FP4 +) cells, which may have been present 
due to incomplete removal of the endogenous floor plate. 
Widespread neuronal differentiation did occur in all the 
explants irrespective of the presence of a floor plate (14 
of 14 explants examined), as many cells expressed 3A10 
(Yamada et al., 1991), a general neuronal marker (data 
not shown). A lower frequency of induction was observed 
in explants from E10-E12 embryos (data not shown), sug- 
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Figure 3. DA Neurons Are Induced in the Dorsal Midbrain of 
Transgenic Mice Expressing HNF-3,8 
E14 wild-type mouse mbryos (A, C, and E) and transgenic littermates 
expressing the HNF-3p gene under control of the En-2 promoter-en- 
hancer (B, D, and F) were sectioned sagittalty and labeled with antibod- 
ies to TH (A, B, and D), a cRNA probe to Snh (C and D), or antibodies 
to dopamine (E and F). A single ventrally ocated cluster of TH ÷ cells 
is found in wild-type mbryos (A), whereas both dorsally and ventrally 
located clusters are found in transgenic embryos (B). Likewise, the 
floor plate marker Shh is expressed only in the ventral midline of wild- 
type embyros (C), but in both the dorsal and ventral midline r gions 
of transgenic embryos (D). In (D), colabe~ing with antibodies to TH 
shows that TH ÷ cells are found in association with both the dorsally and 
ventrally located Shh-expressing cells. Similarly, dopamine-expressing 
cells (visualized by fluorescence microscopy) are found only in a ven- 
tral location i wild-type mbryos (E), but both dorsally and ventrally 
in transgenic embryos (F). FP, floor plate calls (as defined by expres- 
sion of Shh); DA, DA neurons. Scale bar, 500 ~m. 
gesting that the fate of cells along the DV axis of the mid- 
brain becomes restricted soon afte~ neural tube closure. 
To confirm that the induced TH ÷ cells were DA neurons, 
we examined expression of the other two markers, dopa- 
mine and ADH-2. Numerous dopamine-expressing cells 
(4 of 4 explants; Figure 2F) and ADH-2-expressing cells 
(7 of 9 explants; data not shown) were detected in longer 
(7 day) cultures with floor plate, but not in cultures with a 
control tissue, E12 somitic mesoderm (4 of 4 and 9 of 9 
explants, respectively; data not shown). 
These results indicated that the floor plate induces DA 
neurons in midbrain tissue in vitro. To address whether 
the floor plate can induce these neurons specifically in an 
ectopic dorsal location, we dissected E9 explants further 
along the longitudinal axis into dorsal (lateral) and ventral 
(medial) pieces. TH + neurons were induced by E12 spinal 
cord floor plate to similar extent in dorsal (5 of 7) and 
ventral (5 of 6) portions of the explants (Figures 2H and 
21), whereas E12 somitic tissue had no effect (Figure 2G; 
data not shown). Thus, the floor plate not only restores 
development of DA neurons in the appropriate ventral Io- 
cation, but also can induce them in midbrain regions in 
which they are normally not found. 
To establish whether midbrain floor plate, like spinal 
cord floor plate, can induce DA neurons, midbrain floor 
plate explants from E12 rats were cultured in contact with 
mouse neural tube explants from transgenic mice that ex- 
press the bacterial chloramphenicol acetyl transferase 
(CAT) gene under the control of the TH promoter (Banerjee 
et al., 1992). By staining for CAT, we were able to distin- 
guish between DA neurons associated with the inducing 
tissue (midbrain floor plate) and those induced in the re- 
sponding tissue. CAT-expressing cells appeared in mouse 
midbrain explants grown in contact with rat midbrain floor 
plate but not with control tissue (data not shown). Thus, 
midbrain floor plate, like spinal cord floor plate, is able 
to induce DA neurons. DA neurons were not induced in 
explants cultured with any of the following factors: basic 
fibroblast growth factor, transforming rowth factors 131 to 
1~3, glial cell line-derived neurotrophic factor, nerve growth 
factor, neurotrophin-3, brain-derived neurotrophic factor, 
neurotrophin-4/5, insulin-like growth factor 1, hepatocyte 
growth factor, follistatin, agrin, or netrin-1 (each tested at 
100 ng/ml; data not shown). 
Induction of a Supernumerary Floor Plate In Vivo 
Is Accompanied by the Appearance 
of Ectopic DA Neurons 
To provide further evidence for a physiological role of the 
floor plate in specification of DA neurons, we analyzed 
transgenic mice expressing the hepatocyte nuclear factor 
3~ (HNF-3,8) gene in the midbrain and hindbrain under 
the control of the Engrai/ed-2 (En-2) promoter-enhancer. 
HNF-3# encodes a transcription factor normally expressed 
in the ventral midline floor plate region (Sasaki and Hogan, 
1993; Ruiz i Altaba et al., 1993). Ectopic expression of 
this gene under the control of the En-2 promoter-enhancer 
leads to the development of a dorsal floor plate-like struc- 
ture and to ventralization of the dorsal neural tube (Sasaki 
and Hogan, 1994). We found that embryonic mice carrying 
the transgene possess two distinct groups of TH + neurons 
within the midbrain. One is located in the normal ventral 
site within the cephalic flexure of the midbrain, whereas 
the other is located in the corresponding region of the 
dorsal midbrain, in which DA neurons do not normally de- 
velop (Figures 3A and 3B). To determine whether these 
dorsal TH + neurons reside adjacent to the ectopic floor 
plate, the sections were hybridized with a cRNA for the 
floor plate marker Sonic hedgehog (Shh; also known as 
Vhhol) (Echelard et al., 1993; Roelink et al., 1994). In the 
midbrain of E14 wild-type mice, Shh mRNA was found 
only in the ventral midline (Figure 3C). In HNF-3,6 trans- 
genic mice, Shh mRNA was also detected in the dorsal 
midbrain and hindbrain, in addition to its normal ventral 
location (Figure 3D). in these mice, TH + cells were found 
adjacent o Shh-expressing cells in both ventraJ and dorsal 
locations, but were restricted to the same AP level as DA 
neurons in wild-type animals (Figures 3A and 3D). Expres- 
sion of dopamine was also observed in the same ventral 
and dorsal locations, confirming that the TH + cells are DA 
neurons (Figures 31: and 3F). Thus, the induction of a 
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Figure 4. Efficient Induction of DA Neurons 
Requires Contact with Floor Plate Cells 
(A) Coronal section of an E14 rat midbrain 
stained for the DA neuron marker TH (DA; 
green) and the motoneuron marker Islet-1 (Eric- 
son et al., 1992) (MN; red). The midline floor 
plate region (FP) is indicated by an arrow (see 
Figure 1B for the approximate dimensions of 
the floor plate). Note that some TH+ cells are 
located at a distance from the floor plate, pre- 
sumably due to their migration away from the 
midline (see text). 
(B) E12 spinal cord floor plate (FP; green) 
grown at a distance of -40 I~m from an E9 
explant for 5 days. No TH ÷ neurons (red) are 
visible in the neural tube (NT). 
(C) A similar E9 explant grown i contact with 
the floor plate; many TH ÷ neurons develop in 
the neural tube in close proximity to the floor 
plate. 
(D and E) E9 explants grown for 5 days separated from an E12 spinal cord floor plate by a 10 p.m wide filter (pore size 0.45 i~m) and stained for 
TH. In most cases, TH staining was not observed (D); in rare cases, a few TH ÷ cells that lacked well-defined neurites were present adjacent to 
the filter (E), 
(F) Widespread induction of TH occurred in explants grown i contact with a floor plate. 
Scale bar: (A), 125 llm; (B) and (C), 50 ~m; (D)-(F), 20 I~m. 
second floor plate in vivo is accompanied by the genera- 
tion of an associated ectopic cluster of DA neurons. 
Induction of Midbrain DA Neurons Is Mediated 
by Contact with the Floor Plate 
The developing ventral midbrain contains DA neurons, 
located near the floor plate, and motoneurons, located 
more dorsally (Figure 4A). Our results and those of Ya- 
mada et al. (1991, 1993) indicate that both types of neurons 
can be specified by the floor plate, raising the question 
of how this is achieved. In the spinal cord, motoneurons 
were shown to develop at a distance from the ventral mid- 
line and to be induced by a diffusible factor secreted from 
the floor plate (Yamada et al., 1993). In contrast, DA neu- 
rons were found in close proximity to FP4 + floor plate cells 
both in vivo and in explant culture (Figures 1-3), sug- 
gesting that induction of these cells might require contact 
with floor plate cells. To examine this possibility, E9 ex- 
plants were grown either in contact with E12 spinal cord 
floor plate, at a distance of -40  I~m from the floor plate, 
in the presence of floor plate-conditioned medium, or sep- 
arated from floor plate by a 10 ~m wide nucleopore filter 
(0.45 I~m pore diameter). Many TH* neurons appeared 
when the E9 explant was grown in contact with the floor 
plate (Figures 4C and 4F). In contrast, TH ÷ neurons did 
not appear when E9 explants were surrounded by spinal 
cord floor plate but did not contact them (Figure 4B), or 
were grown in the presence of floor plate-conditioned me- 
dium (data not shown). Likewise, when separated from 
spinal cord floor plate by a filter, TH + neurons were absent 
from the E9 midbrain explants in 15 of 18 explants (Figure 
4D). In three cases, a small cluster of lightly stained TH ÷ 
cells that lacked well-defined neurites was observed just 
adjacent o the filter (Figure 4E). Expression of dopamine 
was not observed in explants separated from the floor 
plate by a filter (10 of 10 explants). Thus, efficient induction 
of DA neurons requires contact with floor plate cells. 
It remained possible that DA neurons are actually in- 
duced by a diffusible factor selectively xpressed by floor 
plate cells in the midbrain but not the spinal cord. Indeed, 
our experiments did not exclude the possibility that the 
spinal cord floor plate used here induced floor plate cells in 
the midbrain explant by a contact-dependent mechanism 
(Placzek et al., 1993) and that these specialized midbrain 
floor plate cells then induced DA neurons using a diffusible 
factor. We therefore examined directly whether E12 mid- 
brain floor plate could induce TH ÷ neurons across a filter. 
The filter prevented contamination of the E9 explants by 
TH ÷ neurons associated with the inducer (midbrain floor 
plate). Cultured in this way, midbrain floor plate was no 
more effective than spinal cord floor plate at inducing TH ÷ 
neurons (data not shown), arguing against the possibility 
that the floor plate of the midbrain selectively secretes a 
diffusible factor that induces DA neurons. 
Discussion 
In the adult midbrain, DA neurons reside at considerable 
distances from the ventral midline, yet at earlier stages 
of their development we have found that they are located 
adjacent to and within the floor plate. This close spatial 
relationship appears to be explained by our findings that 
DA neurons are induced by the floor plate and that this 
induction is contact dependent. Contact-mediated induc- 
tion of neurons has previously been described in inverte- 
brates; our results suggest that this may be a widespread 
mechanism of neuronal specification. In addition, the fact 
that the floor plate is the source of both contact-dependent 
and diffusible signals for neuronal specification may ex- 
plain in part the ability of this organizing center to control 
the development of multiple classes of neurons. 
Control of DV Polarity in the Midbrain 
The floor plate occupies the ventral midline of the neural 
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tube in the spinal cord, hindbrain, midbrain, and caudal 
diencephalon (Puelles and Rubenstein, 1993). Previous 
studies have implicated this structure as well as the under- 
lying notochord in specifying the fate of cells along the 
DV axis of the spinal cord and hindbrain (reviewed by Jes- 
sell and Dodd, 1992). The finding that the floor plate can 
induce DA neurons suggests that it also acts as an organiz- 
ing center in the midbrain. While the notochord mimics 
this in vitro effect of the floor plate (unpublished data), in 
the developing rat in vivo the notochord is displaced from 
the midbrain neural tube by - El0, long before DA neu- 
rons are born. Thus, midbrain DA neurons are likely to be 
largely or entirely specified by the floor plate. 
Contact-Mediated Induction of Neurons in the 
Vertebrate Central Nervous System 
Unlike motoneurons, which are induced by a diffusible 
factor (Yamada et al., 1993), efficient induction of DA neu- 
rons requires contact with floor plate cells. This contact 
dependence suggests the involvement of a membrane- 
or matrix-associated ligand on floor plate cells. We cannot 
exclude, however, that induction of DA neurons is medi- 
ated by a diffusible factor that must be present at a high 
concentration that is available only in the immediate vicin- 
ity of floor plate cells. The weak an(~ infrequent induction 
of TH ÷ cells in transfilter experiments in which the floor 
plate and the midbrain explant are separated by a -10  
~m wide filter could be explained either by a requirement 
for a high concentration of a diffusible inducer or by low 
level release of a membrane-bound ligand in association 
with membrane fragments, e.g., from dying floor plate 
cells. Extensive cell death in the floor plate is observed 
during normal development (Yaginuma et al., 1991). 
Evidence for contact-mediated ind~Jction of neurons has 
previously been obtained in the Drosophila eye, in which 
neural progenitors that express the tyrosine kinase recep- 
tor sevenless are specified to an R7 photoreceptor fate 
as a result of interactions with the transmembrane ligand 
bride of sevenless (boss) on R8 ceils. Although several 
cells in the vicinity of R8 are competent to adopt an R7 
fate in response to boss, only the ('ell that contacts R8 
normally adopts this fate, indicating that the inductive sig- 
nal from R8 is not diffusible (reviewed by Zipursky and 
Rubin, 1994). The operation of a contact-dependent mech- 
anism allows for precise control of the spatial localization 
and number of the induced cells. 
We have documented the contact-dependent induction 
of a specific class of neurons by an organizing center 
within the vertebrate central nervous system. Our observa- 
tions on DA neurons parallel the finding that induction of 
the non-neuronal cells of the floor plate by both floor plate 
cells (homeogenetic induction) and the n0tochord requires 
contact between the inducing and the responding tissues 
(Placzek et al., 1993). Other neurons located adjacent to 
the floor plate, such as serotonergic neurons in the hind- 
brain (which are already known to be specified by ventral 
midline structures; Yamada et al., 1991), may likewise be 
induced by contact-dependent mechanisms. More gener- 
ally, it is possible that contact-dependent induction is a 
widespread mechanism of neuronal specification. In addi- 
tion, contact-dependent interactions that regulate neuro- 
blast proliferation as well as later stages of neuronal differ- 
entiation have previously been documented (Gao et al., 
1991, 1992; Baptista et al., 1994). 
The identity of the DA neuron inducer remains to be 
determined. Other membrane-bound ligands for Peceptor 
tyrosine kinases are now known which, like boss, are can- 
didates for contact-dependent neuronal inducers (e.g., 
Bartley et al., 1994). In addition, members of the trans- 
forming growth factor 15 (Lyons et al., 1991), Wnt (McMa- 
hon, 1992), and hedgehog (Smith, 1994) protein families 
may possess characteristics expected from such factors. 
In particular, Shh/Vhh-1 is expressed by floor plate and 
notochord cells and has been implicated in mediating the 
contact-dependent induction of floor plate cells (Echelard 
et al., 1993; Krauss et al., 1993; Roelink et al., 1994). 
Induction of Multiple Cell Types at a Single 
Axial Level 
The mammalian midbrain contains at least six classes of 
neurons along its DV axis. How is this diversity generated? 
It is possible that multiple, distinct organizing centers exist 
that each induce different neuronal classes. However, our 
studies and previous studies (Yamada et al., 1991 ; Sasaki 
and Hogan, 1994) indicate that several distinct classes of 
neurons in the ventral neural tube are induced by a single 
organizing center, the floor plate and notochord. 
Control of neuronal diversity by a single organizing cen- 
ter may be achieved by several means. First, a homoge- 
nous population of neuronal progenitors could respond to 
molecularly distinct signals from the floor plate. Second, 
a homogenous population could respond differentially to 
the same signal, either stochastically or as a function of 
the concentration of the signal. For example, in Drosophila 
the hedgehog protein appears to act as a morphogen to 
specify distinct ypes of epidermal cells in a concentration- 
dependent fashion (Heemskerk and Di Nardo, 1994). Third, 
the neural tube may contain distinct populations of progen- 
itors that respond differentially to a single permissive sig- 
nal from the floor plate. For example, progenitors may 
exist that are committed to give rise to a single neuronal 
class (e.g., Gao et al., 1991, 1992; Luskin et al., 1993; 
Lumsden et al., 1994). Alternatively, the fate that a particu- 
lar population of progenitors may acquire in response to 
a single signal may change over time (e.g., see Watanabe 
and Raff, 1990; Yamada et al., 1991). 
The finding that the induction of DA neurons is contact 
mediated (Figure 4), whereas motoneurons are induced 
by a diffusible factor (Yamada et al., 1993), argues against 
models in which a single inducer at one concentration 
gives rise to these two neuronal classes. The two induc- 
tions are presumably mediated either by biochernically 
distinct factors, or by different concentrations of a single 
factor. 
Induction of Distinct Ventral Cell Types Along 
the AP Axis of the Neural Tube 
The floor plate and the notochord induce different types 
of neurons at different positions along the AP axis of the 
neural tube. For example, DA neurons are found in the 
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midbrain but not the hindbrain or spinal cord (Figure 1). 
Several mechanisms could account for the appearance 
of different classes of neurons at different axial levels. The 
floor plate could be polarized along its rostral-caudal axis 
and provide distinct signals at each axial level. However, 
our findings that spinal cord floor plate, which normally 
induces only motoneurons in vivo, can induce DA neurons 
when placed in contact with midbrain neural plate argues 
against the presence of distinct floor plate-derived signals 
at different axial levels. Instead, the range of fates a given 
progenitor can acquire in response to the floor plate may 
be restricted by its position along the AP axis. Consistent 
with this possibility, ventral neural tube explants isolated 
from the midbrain give rise to DA neurons, whereas similar 
explants from the spinal cord do not. In addition, HNF-31~ 
transgenic mice that carry an ectopic floor plate in the 
dorsal part of the midbrain and hindbrain develop DA neu- 
rons only in the midbrain. These findings, together with 
previous studies (Yamada et al., 1991; Placzek et al., 
1993), support the idea that the fate of neural progenitors 
is restricted along the AP axis before their DV identity has 
been determined. 
Therapeutic Implications 
Our findings may have implications for transplantation 
therapy in Parkinson's disease. Although this therapy is 
promising, it is currently impractical because four to ten 
fresh human embryos are required to obtain sufficient 
numbers of DA neurons for a single transplant. An obvious 
alternative to freshly dissected human neurons is to use 
DA neurons produced in culture. Unfortunately, it has not 
been possible to grow and to differentiate cells to the DA 
lineage in culture. As the DA system is now amenable to 
molecular and cellular analysis in vitro and since we have 
discovered a cellular source of a DA inducer, such studies 
are now feasible. 
Experimental Procedures 
In Situ Hybridization and Immunostaining 
In situ hybridization was performed with a digoxigenin-labeled mouse 
TH or Shh cRNA probe as described (Schaeren-Wiemers and Gerfin- 
Moser, 1993). Sections from E14 rat embryos were immunostained 
using a mixture of FP4 (1:5) and rabbit anti-TH (Chemicon) (1:500) as 
primary antibodies and appropriate FITC (Amersham 1:200) or Cy3 
(Jackson Immunologicals 1:700) conjugated secondary antibodies. 
Staining of explants embedded in collagen gels was as described 
(Placzek et al., 1993), using mouse anti-TH (Chemicon, 1:500 dilution), 
rabbit anti-TH (Chemicon, 1:1000 dilution), FP4 supernatant (1:5), 
3A10 supernatant (1:10), ADH-2 antiserum (1:2000 dilution), Islet-1 
antibody (1:500 dilution), or rabbit anti-CAT, 5'-3' (1:500 dilution) as 
primary antibodies. Anti-dopamine antibody was obtained from Dr. M. 
Geffard (1:500 dilution). 
Transgenic Mice 
HNF-31~ transgenic animals were produced as previously described 
(Sasaki and Hogan, 1994). Of 73 embryos analyzed, 13 carried the 
transgene and 10 displayed abnormal head morphology indicative of 
ectopic HNF-31~ expression. 
Explant Cultures 
E9-E12 rat embryos (plug = day 0) were dissected at room tempera- 
ture after treatment with 10 x pancreatin (Sigma) for 5 rain (E9) or 36 
min (E10-E12), on ice. In the text, an "E9 explant" refers to one half 
(after a longitudinal cut) of the rostral part of a 0-5 somite embryo, 
including the midbrain and forebrain. The midline and underlying fore- 
gut were removed from each half. Explants were cultured in Opti-MEM 
with Glutamax (GIBCO), 1% penicillin/streptomycin a d 40 mM glu- 
cose after being embedded in a collagen gel (Tessier-Lavigne t al., 
1988). 
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